The transporter associated with antigen processing (TAP) comprises two subunits, TAP1 and TAP2, each containing a hydrophobic membrane-spanning region (MSR) and a nucleotide binding domain (NBD). The TAP1͞TAP2 complex is required for peptide translocation across the endoplasmic reticulum membrane. To understand the role of each structural unit of the TAP1͞TAP2 complex, we generated two chimeras containing TAP1 MSR and TAP2 NBD (T1MT2C) or TAP2 MSR and TAP1 NBD (T2MT1C). We show that TAP1͞T2MT1C, TAP2͞T1MT2C, and T1MT2C͞T2MT1C complexes bind peptide with an affinity comparable to wild-type complexes. By contrast, TAP1͞T1MT2C and TAP2͞T2MT1C complexes, although observed, are impaired for peptide binding. Thus, the MSRs of both TAP1 and TAP2 are required for binding peptide. However, neither NBD contains unique determinants required for peptide binding . The NBD-switched complexes, T1MT2C͞T2MT1C,  TAP1͞T2MT1C, and TAP2͞T1MT2C, all T he transporter associated with antigen processing (TAP) plays a key role in major histocompatibility complex (MHC) class I assembly and antigen presentation. The transporter functions in peptide transport from the cytosol into the endoplasmic reticulum, where a dynamic assembly of multiple proteins facilitate the assembly of peptides with newly synthesized MHC class I molecules (1, 2). Subsequently, MHC class I-peptide complexes exit the endoplasmic reticulum and are transported to the cell surface where the complexes are available for recognition by cytotoxic T lymphocytes. The structural organization of the TAP1͞TAP2 complex [two nucleotide binding domains (NBDs) and two membrane-spanning regions (MSRs)] is characteristic of the ATP binding cassette family of transmembrane transporters (3). Early studies showed that TAP complexes contained a binding site for peptides and that the peptide binding site comprised elements of both TAP1 and TAP2 (4, 5). Further cross-linking experiments with radiolabeled peptides suggested that regions of the MSRs of TAP1 and TAP2, just N terminal to the NBD, form the peptide binding site (6). Neither TAP1 alone nor TAP2 alone is capable of binding peptides (4). The role of the NBD and nucleotides in peptide binding is controversial. It was first reported that the presence or absence of nucleotides had no effect on peptide binding to TAP complexes (5). More recent reports described impaired peptide binding to mutant TAP complexes in which nucleotide binding was impaired (7). We examined the effects of nucleotides on peptide binding to wild-type TAP complexes or a mutant TAP1(K544M)͞TAP2 complex in which nucleotide binding to TAP1 was impaired (8). We showed that, at room temperature, peptide binding affinities and peptide dissociation kinetics were very similar for the TAP1(K544M)͞TAP2 mutant complex as for the wild-type complex, both in the presence and absence of nucleotides. These observations indicated a lack of correlation between nucleotide binding to TAP1 and peptide binding to TAP1͞TAP2 complexes (8). However, the role of nucleotide binding to the TAP2 subunit for peptide interactions with the TAP complex needs further investigation.
T he transporter associated with antigen processing (TAP) plays a key role in major histocompatibility complex (MHC) class I assembly and antigen presentation. The transporter functions in peptide transport from the cytosol into the endoplasmic reticulum, where a dynamic assembly of multiple proteins facilitate the assembly of peptides with newly synthesized MHC class I molecules (1, 2) . Subsequently, MHC class I-peptide complexes exit the endoplasmic reticulum and are transported to the cell surface where the complexes are available for recognition by cytotoxic T lymphocytes. The structural organization of the TAP1͞TAP2 complex [two nucleotide binding domains (NBDs) and two membrane-spanning regions (MSRs)] is characteristic of the ATP binding cassette family of transmembrane transporters (3) . Early studies showed that TAP complexes contained a binding site for peptides and that the peptide binding site comprised elements of both TAP1 and TAP2 (4, 5) . Further cross-linking experiments with radiolabeled peptides suggested that regions of the MSRs of TAP1 and TAP2, just N terminal to the NBD, form the peptide binding site (6) . Neither TAP1 alone nor TAP2 alone is capable of binding peptides (4) . The role of the NBD and nucleotides in peptide binding is controversial. It was first reported that the presence or absence of nucleotides had no effect on peptide binding to TAP complexes (5) . More recent reports described impaired peptide binding to mutant TAP complexes in which nucleotide binding was impaired (7) . We examined the effects of nucleotides on peptide binding to wild-type TAP complexes or a mutant TAP1(K544M)͞TAP2 complex in which nucleotide binding to TAP1 was impaired (8) . We showed that, at room temperature, peptide binding affinities and peptide dissociation kinetics were very similar for the TAP1(K544M)͞TAP2 mutant complex as for the wild-type complex, both in the presence and absence of nucleotides. These observations indicated a lack of correlation between nucleotide binding to TAP1 and peptide binding to TAP1͞TAP2 complexes (8) . However, the role of nucleotide binding to the TAP2 subunit for peptide interactions with the TAP complex needs further investigation.
By contrast to peptide binding, it is well established that peptide translocation by TAP complexes is strictly ATPdependent (4, 9) . The two NBDs power the transport of peptides via the hydrolysis of ATP. Nonhydrolyzable ATP analogs do not allow substrate transport across microsomal membranes (10) . Impairment in nucleotide interactions with either TAP1 or TAP2 NBDs impairs peptide translocation, indicating a catalytic coupling between the NBDs of TAP1 and TAP2 (8, 11) . We noted functional differences between identical Walker A lysine mutations in TAP1 or TAP2, which completely abrogated peptide translocation with TAP2 mutant complexes, but permitted a low level of translocation with TAP1 mutant complexes (8). Other reports have described similar observations (11) . These studies, taken together with reports that suggest reduced interactions of nucleotides with TAP2 NBD compared with TAP1 NBD (8, (11) (12) (13) (14) (15) , raised the question of whether functional distinctions between TAP1 and TAP2 NBDs are important for coordinating the TAP transport cycle. Alternatively, the described differences might be a trivial consequence of structural differences between TAP1 and TAP2 NBDs, given that the structures are nonidentical (60% sequence identity), and therefore chemically distinct. To further understand the role of TAP1 and TAP2 NBDs in peptide binding and transport, we generated human TAP1 and TAP2 chimeras in which the NBDs were exchanged. In the studies described here, we characterize the abilities of different chimera͞wild-type combinations to bind and translocate peptides, which allow us to draw mechanistic inferences about the peptide-interaction domains of TAP and the TAP transport cycle.
Methods
Generation of Chimeric Baculoviruses. We previously described the construction of PCR2.1 vectors, PCR2.1-Tap1-his (containing a DNA sequence encoding a histidine-tagged version of human TAP1 flanked by BamHI and XhoI sites at the 5Ј end, and BamHI and NotI sites at the 3Ј end) and PCR2.1-Tap2 (containing the human TAP2 sequence flanked by BglII and XhoI sites at the 5Ј end, and BglII and NotI sites at the 3Ј end) (8) . We found unique SapI restriction sites in the sequences corresponding to the Walker A motifs of the TAP1 and TAP2. These sites were used to generate a TAP chimera (T1MT2C) encoding residues 1-541 of TAP1 (T1M) and residues 507-686 of TAP2 (T2C), and a second chimera (T2MT1C) encoding residues 1-506 of TAP2 (T2M) and residues 542-748 of TAP1 (T1C). DNA sequences encoding T1M and T1C were generated by digesting PCR2.1-Tap1-his with NotI and BamHI and subsequently with SapI. DNA sequences encoding T2M and T2C were purified by digesting the PCR2.1-Tap2 vector with BglII and NotI and finally with SapI. For generating a vector encoding T1MT2C, TIM and T2C-encoding fragments were ligated into the baculovirus expression vector pVL1393 (PharMingen) digested with BamHI and NotI, whereas for generating a vector encoding T2MT1C, T2M and T1C-encoding fragments were ligated into pVL1392 (PharMingen) digested with BglII and NotI. All constructs were confirmed by DNA sequencing across the junctions. Recombinant baculoviruses encoding T1MT2C and T2MT1C were generated by using established protocols (Baculovirus Expression Vector System Manual, PharMingen).
Microsome Preparations and Immunoblotting Analyses.
For microsome preparations, Sf21 cells were infected with the appropriate baculovirus at a multiplicity of infection in the range of 5 to 20. Microsomal membrane preparations were carried out as described (8) . For direct immunoblotting analysis of the microsomes to determine expression levels, equal amounts of proteins were separated on 12% SDS͞PAGE gels and transferred to nitrocellulose membranes, and the membranes were incubated in 15 ml of buffer containing 5 l anti-his ascites (Covance Scientific, Richmond, CA), 150 l 148.3 hybridoma supernatant (16) , 200 l 435.3 hybridoma supernatant (17), 2.5 l Pep3 antiserum (6), or 150 l anti-TAP2 antiserum (18) . Membranes were treated with secondary antibodies conjugated to alkaline phosphatase, and proteins were visualized by using the Bio-Rad alkaline phosphatase-conjugated substrate kit.
Complex Formation Between Chimeras and Wild-Type Subunits. To assess complex formation, microsomes were lysed in 1% Triton X-100, incubated with 20 l Protein A Sepharose beads in a preclearing step, then with 0.75 l anti-his ascites or 200 l 148.3, then protein A-Sepharose beads, and finally processed for SDS͞PAGE analysis as described (8) . Immunoblotting analyses were carried out as described above.
Nucleotide Binding Assays. For assessing the binding of individual constructs or specified combinations to nucleotide-agarose beads, infected cells or microsomes were lysed in 1% Triton-X-100 and incubated for 2 h with 30 l preswollen ATP-, ADP-, or AMP-conjugated agarose beads (Sigma) (8) . The beads were washed, and proteins were eluted with 6ϫ SDS͞PAGE buffer. Immunoblotting analyses were carried out as described above.
Peptide Binding Assays. Peptide binding assays were carried out by using f luorescence quenching assays with the f luoresceinlabeled peptide RRYQKCTEL, as described (8, 19 ) (see supplemental Methods, which are published on the PNAS web site, www.pnas.org).
Peptide Translocation Assays. Peptide translocation assays were performed as described (8, 16) by using the 125 I-labled peptide RRYNASTEL (refer to supplemental Methods).
Results
TAP Chimeras: Antibody Recognition, Complex Formation, and Nucleotide Binding. An equivalent exchange was made between TAP1 and TAP2 to construct the T2MT1C and T1MT2C chimeras based on sequence alignments (refer to Fig. 6 , which is published as supplemental material). We previously described the construction of a baculovirus encoding a histidine-tagged version of wild-type TAP1 (TAP1-his) (8), and we also had obtained baculoviruses encoding untagged versions of wild-type TAP1 and TAP2 from the laboratory of Robert Tampé, PhilippsUniversitat, Marburg, Germany (16) . We examined the abilities of TAP1-and TAP2-directed antibodies obtained from various laboratories, as well as a commercial anti-his antibody, to recognize T1MT2C and T2MT1C (Fig. 1A) . T1MT2C is recognized by the Pep3 antiserum [which was generated against a synthetic peptide in the TAP1 MSR (6)], as well as by anti-TAP2, [generated against a synthetic peptide sequence from the C terminus of TAP2 (18)] ( Fig. 1 A, lane 4) . On the other hand, T2MT1C was recognized by 435.3 [which was raised against a 280-aa C-terminal fragment of TAP2 (17)], by 148.3 [which was raised against a C-terminal peptide of TAP1 (16)], as well as the anti-his antibody ( Fig. 1 A, lane 3) . The peptide sequence against which Pep3 was generated is somewhat conserved in the TAP2 MSR. Cross-reactive recognition by Pep3 of TAP2 and T2MT1C is seen in immunoprecipitation assays that use high quantities of the antibody, but not in immunoblotting assays ( Fig. 1 A, pep3 blot, lanes 1 and 4, compared with lanes 2 and 3). Complex formation between T1MT2C and T2MT1C could be directly ascertained by first immunoprecipitating microsome lysates with the T1C-specific antibody 148.3, followed by immunoblotting analysis with the T2C-specific anti-TAP2 antiserum. Fig. 1B shows that in such immunoprecipitation experiments wild-type TAP2 coprecipitates with TAP1 as expected, and likewise, T1MT2C coprecipitated with T2MT1C. Because of the lack of antibodies with appropriate specificities, it was difficult to directly establish the formation of TAP1͞T2MT1C and TAP2͞T1MT2C complexes. As described above, Pep3, the only antibody we have directed against T1M, cross-reacts with T2M when used at the high concentrations required for immunoprecipitation assays. Conversely, when the T2M-specific antibody 435.3 is used as the immunoprecipitating antibody, pep3 blots are not interpretable, owing to high backgrounds. Thus, we used peptide binding assays to make inferences about complex formation between TAP1 and T2MT1C and between TAP2 and T1MT2C (see below). Complex formation between TAP1-his and T1MT2C or TAP2 and T2MT1C could be directly ascertained by first immunoprecipitating microsome lysates with the anti-his antibody, followed by immunoblotting analysis with the T2C-specific anti-TAP2 antiserum. We observed that T1MT2C coprecipitated with TAP1-his and that TAP2 coprecipitated with T2MT1C (Fig. 1C) , indicating that these combinations indeed form stable complexes.
To test whether the NBD exchange had an effect on nucleotide binding by the chimeric TAP constructs, cell lysates or lysates of microsome preparations were examined for binding to ATP-, ADP-, or AMP-agarose beads. In the first set of experiments, binding to nucleotide agarose beads was compared of TAP1-his relative to T2MT1C ( Fig. 2A) and TAP2 relative to T1MT2C (Fig.  2B) , by using immunoblotting analyses with the anti-his and anti-TAP2 antibodies, respectively. We observed that both TAP1-his and T2MT1C interacted strongly with ATP-and ADP-agarose beads, but not with AMP-agarose beads (Fig. 2 A) . Similarly, binding of TAP2 and T1MT2C to ATP-and ADP-agarose beads but not to AMP-agarose beads was detectable (Fig. 2B) . The interactions of TAP2 and T1MT2C with ATP-agarose and ADPagarose beads are more difficult to detect and give weaker signals compared with the corresponding interactions of TAP1 and T2MT1C. Many laboratories have recently reported that TAP2 associates with nucleotides more weakly than TAP1 (11, 15) , consistent with our previous experiments that showed that relatively weak signals were obtained for the binding of wild-type TAP2 to nucleotide agarose beads, as well as the binding of 8-azido ATP to TAP2 NBD (8, 14) . In the present studies, we could directly compare the binding to nucleotide agarose beads of TAP1 relative to T1MT2C and TAP2 relative to T2MT1C, because the expression levels of both sets of proteins could be normalized with the antibodies pep3 and 435.3, respectively. These experiments also would allow an investigation of whether the extent of nucleotide binding depended on the MSR to which the NBD was anchored. Fig. 2C (pep3 blot) shows that at comparable expression levels of TAP1 and T1MT2C (lanes 1 and 5), significantly higher amounts of TAP1 are bound to ATP-and ADP-agarose beads compared with T1MT2C. Likewise, Fig. 2D (435.3 blot) shows that at comparable expression levels of T2MT1C and TAP2 (lanes 1 and 5), significantly higher levels of T2MT1C are bound to ATP-and ADP-agarose beads compared with TAP2. These observations indicate that TAP2 NBD has reduced ability to bind to nucleotide relative to TAP1 NBD and that reduced binding by TAP2 NBD is an inherent property of the NBD, or a function of its stability, but not a function of its MSR context. As expected from these observations, the TAP1͞T2MT1C combination interacted more strongly with both ATP-and ADP-agarose beads compared with the TAP2͞T1MT2C combination ( Fig. 2 E, pep3 blot, and F, 435.3 blot).
Requirement of Different Structural Units of TAP for Peptide Binding.
Using the two TAP chimeras and the wild-type TAP subunits, we could generate five different combinations of chimeric TAP complexes to investigate the functions of the different structural units in peptide binding and translocation. These were TAP1͞T2MT1C (two TAP1 NBDs), TAP2͞T1MT2C (two TAP2 NBDs), T1MT2C͞T2MT1C (double chimera), TAP1͞T1MT2C (two TAP1 MSRs), and TAP2͞T2MT1C (two TAP2 MSRs). For peptide binding experiments, we used a fluorescence quenching-based peptide binding assay done at room temperature in the absence of exogenous ATP (8, 19) . For the wild type as well as for the T1MT2C͞T2MT1C, TAP1͞T2MT1C, and TAP2͞T1MT2C complexes, increased fluorescence quenching was observed as microsomes were added to increasing concentrations of peptide (refer to Fig. 7 , which is published as supplemental material). The steadystate fluorescence quenching was determined from an exponential fit of the quenching data and are plotted as a function of peptide concentration (Fig. 3) . Each experiment summarized in Fig. 3 included a negative control with microsomes prepared from uninfected cells. The amplitudes of the fluorescence quenching signals obtained with microsomes containing wild type or any of the chimeric TAP complexes shown in Fig. 3 was consistently high compared with signals obtained (if any) for microsomes prepared from uninfected cells. The apparent binding constants (K D ) were calculated from the steady-state fluorescence quenching vs. peptide concentration plots.
After stabilization of fluorescence signals, unlabeled peptide was added at a concentration of Ϸ30 M, and the fluorescence recovery was monitored over several seconds as bound fluorescent peptide dissociated. As for wild-type TAP complexes, fluorescence recovery also was observed for the T1MT2C͞ T2MT1C, TAP1͞T2MT1C, and TAP2͞T1MT2C combinations, and the magnitude of the recovery was in proportion to the magnitude of the quenching (refer to Fig. 7) . The dissociation rate constants, k d , estimated by fitting the fluorescence recovery signals to a monoexponential function, also are indicated in Fig.  3 . The calculated binding constants and dissociation rate constants for peptide interactions with wild-type TAP1͞TAP2 are very similar to the values derived for each of the chimeric complexes indicated and are also in agreement with previously reported values (8, 19) . Taken together, these observations indicate that functional interactions occur between TAP1 and T2MT1C, TAP2 and T1MT2C, and T1MT2C and T2MT1C.
By contrast to the results described in Fig. 3 , fluorescence quenching was not observed upon addition of microsomes expressing the TAP1͞T1MT2C and TAP2͞T2MT1C combinations to fluorescent peptide (Fig. 4 C and D) . The profiles seen for TAP1͞T1MT2C and TAP2͞T2MTIC combinations resembled the profiles seen for microsomal preparations from uninfected insect cells (cells that expressed neither TAP subunit, Fig.  4A ), or microsomes expressing individual chimeras (data not shown). The amplitudes of fluorescence quenching signals were either negative values or low positive values over the concentration range of 2.5 to 80 nM, in several different experiments. Furthermore, in cases where low positive quenching signals were observed, fluorescence recovery was typically not observed upon addition of excess unlabeled peptide. Thus, the fluorescence quenching and recovery profiles for microsomes expressing the TAP1͞T1MT2C and TAP2͞T2MT1C combinations are distinct from those seen for wild-type TAP complexes (Fig. 4B ) or the chimeric complexes described in Fig. 3 . Lack of binding is not a consequence of low expression levels of either subunit in the TAP1͞T1MT2C and TAP2͞T2MT1C combinations (Fig. 4E) .
Effect of NBD Switching on Peptide Translocation. To further assess functionality of each complex, we performed translocation assays at 37°C in the presence of ATP, by using the 125 I-labeled peptide RRYNASTEL. Peptide translocation efficiencies were quantitated by using an indirect assay that measures glycosylation of the peptide (10, 16) . Microsomes expressing single TAP subunit or either chimera were used as negative controls. By varying viral clones as well as optimizing the multiplicity of infection, it was possible to obtain approximately equivalent expression of the wild-type and chimeric TAP constructs. Within an experiment, microsomes expressing the indicated TAP complexes or controls were tested in triplicate to minimize errors in individual readings, and the average was plotted. Most interestingly, the T2MT1C͞T1MT2C complex gave a positive translocation signal (Fig. 5 and Table 1 ). Comparisons of the overall translocation signal [radioactivity associated with Con A-Sepharose beads in the presence of ATP (cpm (ATP) )] in nine independent experiments consistently yielded signals several-fold greater than those observed for single infections with either chimera. However, the translocation efficiency for the double chimera is Ϸ56% relative to that observed for wild-type TAP [ Table 1 , compare average cpm (ATP) ].
TAP complexes containing two TAP1 NBDs (TAP1͞ T2MT1C) complex also were capable of translocating peptide (Fig. 5 Upper) . The translocation signals in four independent experiments were consistently significantly greater than those observed for the corresponding single infections with TAP1 or T2MT1C ( Table 1 ). The translocation signal for the TAP1͞ T2MT1C combination was, on average, at 46% of the wild-type TAP signal and 83% relative to the double chimera. Backgrounds seen with the TAP2 single infection were, on average, higher than any of the other single subunit backgrounds (Table 
1).
In individual experiments, the translocation signal for the TAP2͞T1MT2C combination was about 2-to 3-fold higher than the translocation signal for the TAP2 single infection, indicating that the TAP2͞T1MT2C complexes were capable of translocating peptides with low efficiency, but were significantly impaired relative to wild type (Fig. 5 Lower) . The translocation signal for the TAP2͞T1MT2C combination was, on average, at 25% of the wild-type signal, 45% relative to the double chimera, and 54% relative to TAP1͞T2MT1C complexes.
As expected, TAP1͞T1MT2C and TAP2͞T2MT1C microsomes did not translocate peptides (data not shown), because these complexes were compromised at an earlier step in binding to the peptide (Fig. 4) .
Discussion
To further understand the role of the MSRs and NBDs of TAP1 and TAP2 during peptide transport, we generated chimeras by exchanging residues C terminal to the Walker A serine (initiating at residues 542 and 507 of TAP1 and TAP2, respectively). Based on sequence alignments of TAP1 and TAP2 with other ATP binding cassette transporter NBDs (HisP and Malk) (3), we deduce that the MSR͞NBD domain boundary in TAP complexes is about 43 residues N terminal to our switch site. Of these, the C-terminal 19 residues have 100% identity between TAP1 and TAP2, so that our switches in effect initiate at residues 523 of TAP1 (for T1MT2C) and 488 of TAP2 (for T2MT1C) (see Fig. 6 ). The nucleotide binding properties of each chimera resemble those of the parent TAP complex from which the NBD was derived. Thus, we believe that our chimeras are in effect switched in the entire NBD sequences.
No fluorescence quenching or recovery was obtained with microsomes expressing TAP1͞T1MT2C or TAP2͞T2MT1C complexes, indicating that although these complexes are formed (Fig. 1) both are nonfunctional (Fig. 4) . By contrast, TAP1͞ T2MT1C, TAP2͞T1MT2C, and T1MT2C͞T2MT1C complexes bind peptides as do wild-type complexes (Fig. 3) . These results indicate, as previously implicated (6) , that the MSRs of both TAP1 and TAP2 are indispensable for forming a high-affinity peptide-binding site. In the absence of either, substrate binding to the TAP complex is impaired. On the other hand, peptide binding remains unaffected regardless of whether the NBD sequences are from TAP1, TAP2, or both (Fig. 3) . These observations indicate that the NBDs do not contain any unique determinants required for peptide binding. These results are consistent with our recent observations of the lack of effect of nucleotides on peptide binding to TAP1͞TAP2 complexes at room temperature, but differ from the reports of Knittler and colleagues (7, 11) , who suggest that peptide binding by rat TAP complexes requires nucleotide binding (7, 11) . We used a fluorescent peptide-based equilibrium binding assay, whereas Knittler and colleagues used photo cross-linking assays with radiolabeled peptides. Photo cross-linking experiments do not measure an equilibrium binding affinity; rather they measure reactivity of neighboring functional groups. It is possible that the photo cross-linking technique is more sensitive to small conformational changes that occur upon nucleotide interactions with TAP1 and TAP2. Alternatively, based on stability assessments of TAP (20) , it is possible that rat TAP complexes expressed in mammalian cells cultured at 37°C are more rapidly inactivated in the absence of nucleotides than are human TAP complexes cultured in insect cells at 27°C. Table 1 lists the chimeric complexes in the order of the relative translocation efficiencies, when efficiencies were compared after optimization of expressions levels to the extent possible. Wild-type TAP complexes are the most efficient, followed by T1MT2C͞ T2MT1C complexes, and TAP1͞T2MT1C next. TAP2͞T1MT2C complexes have the lowest efficiency, but are also capable of mediating translocation. The reduced translocation efficiency by all of the chimeric combinations relative to wild-type TAP1͞TAP2 might arise due to folding constraints introduced into one or both components of the TAP chimeras. If such constraints exist, our data indicate that these do not interfere with nucleotide binding or peptide binding by these complexes.
It is now well established that in the TAP transport cycle, TAP1 and TAP2 do not independently catalyze peptide translocation. Mutations of Walker A residues of either TAP1 or TAP2 interfere with peptide translocation by TAP complexes (8, 11) . These studies indicate that in the TAP transport cycle mutations that inactivate one of the catalytic sites also prevent catalysis at the second site. Our present observations that TAP complexes containing two TAP1 NBDs, and (to a lesser extent) two TAP2 NBDs, can mediate 21) for P-glycoprotein is consistent with both sets of observations. By this model, in the first half-cycle, ATP hydrolysis at the first NBS drives the translocation of a substrate molecule across the membrane, but ATP hydrolysis at the second NBS is prohibited. In the second half-cycle, ATP hydrolysis at the first NBS would be conformationally disallowed, but ATP hydrolysis at the second NBS can drive the translocation of a second substrate molecule. Subsequent alternating catalysis at each NBS is essential for maintaining transport cycles. For some ATP binding cassette transporters such as the multidrug-resistance protein 1 (MRP-1), the observations of distinct functional properties of the NBD and NBD mutants, coupled with observations of significant sequence differences between the NBDs, have led to the postulation of a mechanism whereby one of the NBDs binds ATP with relatively high affinity and may function primarily as a regulatory site. It has been suggested that ATP binding and͞or hydrolysis at this NBS would catalyze ATP exchange at the second subunit, with substrate translocation being driven primarily by ATP hydrolysis at the second NBS (ref. 22 (23) . In considering functional equivalence vs. functional distinctions between TAP1 and TAP2 NBDs, it is noteworthy that the NBDs of TAP1 and TAP2 (60% sequence identity) are as closely related as are the N-terminal and C-terminal NBDs of P-glycoprotein (60-63% sequence identity), which appear to be functionally equivalent (24) . By contrast to TAP and Pglycoprotein, the two NBDs of MRP-1 are considerably less similar to each other (34% sequence identity), consistent with the evidence for distinct functions of the two MRP NBDs.
Our data indicate that the translocation efficiencies of TAP complexes containing two TAP2 NBDs are reduced relative to that observed for two TAP1 NBDs (Fig. 5 ), which correlates with reduced binding to nucleotides (both ATP and ADP) of TAP complexes containing two TAP2 NBDs (Fig. 2) . It is a possibility that reduced nucleotide binding by TAP2 NBDs reflects reduced stability of TAP2 to in vitro purification procedures. Nevertheless, if the observed in vitro differences in the binding of TAP1 vs. TAP2 to nucleotide agarose beads extend to significant differences in the interactions of TAP1 and TAP2 with ATP in vivo at the millimolar concentrations of cytosolic ATP, then TAP1 rather than TAP2 would be expected to be initiator of the catalytic cycle. Once the cycle is initiated, by the alternating catalytic sites model described above, both TAP1 and TAP2 NBDs would have essentially equivalent functions. For P-glycoprotein, a more complex version of the alternating catalytic cycle model has recently been proposed in which ATP hydrolysis was suggested to be required at two distinct steps during a single turnover of the catalytic cycle (25) . The first ATP hydrolysis event was suggested to drive extrusion of substrate and also induce an intermediate conformation with low affinity for substrate. The second ATP hydrolysis event was suggested to be a reset step for the reacquisition of a conformation with high affinity for substrate (25) . During individual hydrolysis events, the two NBDs were suggested to be randomly recruited, such that neither the N-terminal NBS nor the C-terminal NBS were preferentially used at either step (24) . If such a model were applicable to peptide transport by TAP complexes, it is possible that preferential ATP interaction with TAP1, if occurring in vivo, would polarize the transport cycle such that the cycle initiates at TAP1 NBS, resulting in apparently distinct functions for each NBD. However, our observation that TAP complexes containing two TAP1 NBDs are only slightly less efficient than the double chimera suggests that distinct properties of the NBSs per se are not essential for maintaining the TAP catalytic cycle. Thus, our data do not strongly support the possibility that distinct functions of TAP1 and TAP2 NBDs are important for TAP complex function. We predict that the NBDs of other ATP binding cassette transporters such as P-glycoprotein can functionally substitute for the NBDs of TAP, the major limitation being the ability of the heterologous NBDs to interact with TAP1 and TAP2 MSRs.
